Background: Biological variation (BV) data have many fundamental applications in laboratory medicine. At the 1st
Introduction
The 1st Strategic Conference of the European Federation of Clinical Chemistry and Laboratory Medicine (EFLM) "Defining analytical performance specifications 15 years after the Stockholm Conference" was held in Milan in November 2014 [1] . The primary aim of the Conference was to investigate whether the hierarchy of analytical performance specifications established at the Stockholm Conference [2] was still valid or in need of change [3, 4] .
The outcome of the Strategic Conference was that there should be a focus on three models to define analytical performance specifications. The first model is based on clinical outcomes, the second on biological variation (BV), and the third identified as state-of-the-art [4] . It was proposed that the first model is only useful for application to clinical measurands where there are strong and direct links between the examination result, the clinical decision and clinical outcome (e.g. glucose, total cholesterol, HbA 1c ) whereas the second model, based on BV data, has the advantage of applicability to a much wider range of measurands [4] .
Appropriately quantified and characterised BV data have many applications. In addition to the setting of performance specifications, the data can also be used to define significance of change between measurements within a subject [5, 6] , and to assess the utility of conventional population-based reference intervals [7] . To make the data accessible for these important applications, a large database of BV has been made available to laboratory medicine practitioners via the Westgard website [8] . The database is now widely used and referenced as an important source for clinical application. It was originally established, and continues to be maintained by Dr Carmen Ricos and colleagues through the offices of the Spanish Society of Clinical Biochemistry and Molecular Pathology (SEQC). The criteria used to evaluate the reliability of the data included in the database were recently published by Perich et al. [9] .
As a consequence of the importance of BV data in the practise of laboratory medicine, there has been a recent focus on the quality of the data available for application. Recently published reviews and presentations at the EFLM 1st Strategic Conference raise doubts about the quality of BV data in current use and have led to concerns that their utility may be limited [10] [11] [12] [13] . It has become clear there are many factors that may impact upon the application and transferability of BV data across populations and over time. These range from methodological factors associated with the production of the data and affecting the quality of the observations to true variability with respect to the population studied [11] . With the exception of a minority of common measurands, the currently available BV data available for use in clinical settings originate mainly from a limited number of historical scientific publications that may have employed methods of examination that in current practise would be considered obsolete, or in other studies employed methods that are subject to generational changes in analytical sensitivity and specificity. Other issues that compromise the quality and transferability of the derived BV data arise from the design of BV studies and subsequent data management [10, 14] .
The importance of these complexities and limitations was recognised in a recent issue of Clinical Chemistry and Laboratory Medicine dedicated to the 1st Strategic Conference. Here it was proposed that ideally a BV database should include only results of appropriately designed and delivered studies [3] . A focus on the quality of existing data is therefore required and a drive towards delivery of high quality new studies and publications to identify and generate data to populate any future database. On behalf of the EFLM Working Group on Biological Variation (WG-BV), Bartlett et al. have presented a critical appraisal checklist to enable standardised assessment of papers on BV [15] . This has resulted in two initiatives: the first is to assess the quality of existing published studies to be able to generate a new database consisting of critically appraised studies [3] , and the second is to increase the quality of future published studies and aid study design.
The delivery of contemporary data using modern analytical methods and appropriately designed analytical protocols applied to specimens that are collected under ideal conditions from individual subjects who are well characterised are desirable goals. Achievement of these goals would identify and deliver data that can be used with confidence to set analytical performance criteria using the BV approach. The WG-BV [16] have therefore initiated a further project to update currently available BV data using a multicentre approach that employs a strict protocol to enable establishment of a biobank of suitably characterised specimens to be used to generate BV data. Samples were collected from groups of healthy volunteers at six centres across Europe. The material has been stored to enable analysis under ideal conditions of BV estimates using an ideal methodological approach and recommended statistical analysis of the data [17] . The aim of the present paper is to describe the methodology used to obtain samples for BV studies.
Materials and methods

Involved laboratories
The project is a multicentre study involving six laboratories in five different The collection started in all centres between the 13th and the 16th week of 2015. The protocol was followed strictly step by step in order to minimise pre-analytical variability. Following centrifugation serum and plasma samples separated from the drawn blood were aliquoted and frozen locally at -80 °C and stored until the end of the study period. At this point all specimens from the entire cohort were transported from each centre on dry ice to the coordinating laboratory in Milan where they are stored in a dedicated freezer at -80 °C.
Study enrollment and withdrawal
Inclusion criteria: In order to be eligible to participate in this study, a subject should meet all of the following criteria: 1. Agree and sign the informed consent; 2. Feel subjectively well; 3. Be older than 18 years of age; 4. Ideally he/she should not be taking any medication. Any subject taking medications or vitamin supplements had to report their active substance name, dose, and frequency to be able to identify these persons at a later stage; 5. Ideally he/she should not smoke or drink alcohol. Any subject taking tobacco or alcohol had to report type and amount. History of being a hospital in-patient or otherwise seriously ill during the previous 4 weeks; 8. Blood donation in the previous 3 months; 9. Female subjects who were pregnant, breastfeeding, or within 1 year after childbirth; 10. Any other significant disease or disorder that, in the opinion of the investigator, could either put the subjects at risk because of participation in the study or could influence the results of the study.
Enrolment/baseline (visit 1, day 0): At the baseline visit informed consent was obtained from the subject after assessing the eligibility against the inclusion/exclusion criteria by filling in an enrollment questionnaire that collected data under four main headings (Table 1 ).
The subjects also underwent phlebotomy and the following examinations were performed: whole cell blood count (including red blood cell 
Post recruitment visits (visit 2-visit 10):
Following the baseline visit the individual subjects were asked to attend on nine further occasions for further phlebotomy and to complete a short questionnaire (Table 2 ). Any adverse events that might impact on variability were noted at this time. The subjects were requested to avoid excessive physical exertion/exercise for 3 days before sampling; to avoid excessive eating and alcohol the night before the visit, to fast overnight for at least 10 h and to avoid smoking just before the blood collection. At each of these post recruitment visits samples were analysed in the local laboratories. Serum triglycerides, ALT, CK, CRP and serum indices were measured and the results assessed against local reference intervals and criteria to enable decisions around inclusion or exclusion of the collection from the study.
Subject withdrawal: Subjects were free to withdraw from participation in the study at any time upon request. Moreover an investigator could terminate a study subject's participation if any clinical adverse event, laboratory abnormality, or other medical condition or situation occurred such that continued participation in the study would not be in the best interest of the subject or when the subject met an exclusion criterion (either newly developed or not previously recognised) that precluded further study participation.
Sample collection, processing and storage
Study procedures/evaluations: For each subject blood samples were drawn on a set day (Tuesday to Friday), and at the same hour between 08.00 and 10.00 at each weekly visit. It was possible to have blood samples drawn by the same phlebotomist at most visits further minimising variation. When a subject for any reason was not available on the programmed day, the collection schedule was exceptionally changed to the day before or the day after. In a few cases (maximum two subjects/centre) it was necessary to extend the collection period by 1 week to enable the collection of the required number of samples. The blood was collected after the participant had been sitting quietly for at least 10-15 min to avoid variation due to postural influence.
The collection tubes used were provided by BD (Becton, Dickinson and Co, Italy), were identical in each laboratory. Specimen collection procedures: Specimen collection followed the procedures for collection of diagnostic blood specimens by venipuncture according to the CLSI guideline document H3-A6 [19] .
Laboratory procedures/evaluations: At
Specimen preparation, handling, and storage
EDTA-plasma
The samples were stored on ice until centrifuged at 4 °C at 3000 g for 10 min in a swing-out centrifuge within 1 h after the phlebotomy. Platelet-poor plasma was removed without disturbing the sedimented cells (buffy coat) and aliquoted in Nalgene cryovials (Greiner bio-one GmbH, code 122263). Four aliquots of 1 mL were prepared, as quickly as possible, and frozen at -80 °C, or below, for long-term storage.
Citrated-plasma
The samples were centrifuged at 3000 g for 10 min at room temperature within 1 h of the blood being drawn. Platelet-poor plasma was removed without disturbing the sedimented cells (buffy coat) and aliquoted in Nalgene cryovials. Four aliquots of 1 mL were frozen rapidly by immersion in a bowl with methanol and dry ice, and then stored at -80 °C, or below, for long-term storage.
Serum
The samples were stored at room temperature for at least 30 min and maximum 2 h then centrifuged at 3000 g for 10 min at room temperature.
After separation of the serum, the specimen were promptly separated into 12 aliquots of 0.8 mL in Nalgene cryovials and stored at -80 °C or below [20] .
Number of samples/subject: For each subject four + four aliquots of EDTA-and citrated-plasma and 12 aliquots of serum were obtained for each sampling. This resulted in 20 aliquots of material at each time point delivering a total 200 aliquots/subject after 10 collections.
Specimen codification: In order to guarantee the privacy of enroled subjects, all samples were identified by a unique code.
Sample shipment: At the end of the sample collection phase the samples from all of the subjects at each centre were sent as a single delivery, frozen on dry ice, to the co-ordinating central laboratory. The combined collection of samples from all centres form the biobank and are stored at -80 °C in a dedicated freezer at the co-ordinating laboratory in Milan. Following analysis, all of the samples remaining at the end of the agreed study period will be destroyed.
Results
Study population
Eighty three out of 105 enroled subjects completed all 10 scheduled collections. Eleven subjects completed nine collections, three subjects eight and two subjects only seven collections.
Three subjects were not included in the final cohort after application of the inclusion/exclusion criteria at the first collection, five people withdrew during the study for personal reasons.
The final study population for sample collection consisted of 97 healthy volunteers of which there were 44 males aged 20-60 years, 43 females 20-50 years, and 10 females 50-69 years. Number, gender and age of enroled subjects for each lab are shown in Table 3 .
Further exclusions from the final cohort were based on the laboratory measurements made at each visit. This led to further exclusion of six subjects: five had several ALT and γGT values higher than their reference intervals (9-59 and 12-68 U/L, respectively, both for male) [21] suggesting liver disease: 1. A male with elevated ALT and γGT with a significant decreasing trend (ALT from 102 to 43 U/L; GGT from However, we included a subject with body mass index (BMI) > 30 kg/m 2 (BMI was 32.5 kg/m 2 ) and four women with Hb between 100 and 120 g/L in whom all other clinical values were within the reference intervals.
The characteristics of the finally selected study population (91 subjects) and the clinical values at the baseline, after the exclusion of six subjects described earlier, are shown in Table 4 .
The short questionnaire (Table 2) completed by each subject at each phlebotomy visit enabled single samples to be excluded from the final sample set. The information in combination with values observed in the haematology and biochemistry analyses also performed at the time of each visit enabled an objective explanation for single outlying results to support the decision. Variances were calculated for each measurand across the sample set for each subject. Where high variance was identified compared to the rest of the group, the data were plotted to enable a visual inspection of the distribution of the data. When a particular value was visually identified as unusual and therefore potentially an outlier the information within the short questionnaire was accessed to identify a possible cause for the discrepancy and grounds for rejection of the particular collection.
This process is exemplified by two examples involving outlying CK and CRP results as shown in Figures 1 and 2 .
In total, 29 samples from 26 subjects were discarded (see Supplemental Data, Table 1 ).
Discussion
Several critical reviews have demonstrated that available BV data attributed to a number of measurands are poorly characterised and derived [10] [11] [12] [13] [14] . The authors reported that the published BV data for a single analyte and its various measurands can demonstrate a high degree of heterogeneity in the values published. The reasons for the observed differences in published BV data are often not clear while the potential causes may be manifold. Sources of uncertainty in the data may be attributable to: (1) preanalytical issues (study design, enroled population, number of samples, frequency of collections, stability of Users of published BV data face a challenge. That challenge is to achieve an understanding of the uncertainty around published BV data and an understanding as to whether the data are transferable to their practise. The user therefore needs to be aware of the limitations of historical data and providers of new data need to ensure that their new data are appropriately derived and characterised to be fit for use. The issue of historical data requires there is a critical appraisal process to enable assessment of the veracity and applicability of the data in the appropriate clinical context. Providers of future BV data can deliver confidence and address uncertainty by providing studies that conform to an ideal standardised approach/ model. This will enable delivery of robust, well-characterised data from well-designed experiments that apply to contemporary methods and are transferable across health care systems. With this latter goal in mind, the WG-BV project reported here has been configured to follow accurately the optimal design identified by Fraser and Harris [17] . Six European clinical laboratories followed the agreed-upon protocol for the recruitment of subjects and the collection and processing of blood specimens. This approach is both rigorous, demanding and comparatively complex, but while providing challenges it also provides opportunities to the laboratory community. Every effort has been made in the execution of this project to deliver a large biobank of samples collected under optimal conditions and appropriately documented to be used to generate high quality BV data.
Pre-analytical phase
Removal of confounding pre-analytical variation has been a focus of the project to enable harmonisation of the preanalytical procedures across the participating sites. This approach, in conjunction with careful gathering of data from the subject, delivers valuable documented information about the samples that will increase the quality of the BV data produced.
Healthy subjects have been selected with clearly identified inclusion and exclusion criteria, which were obtained through use of questionnaires. Combining the responses to questionnaires with the results obtained by measurements performed in each local centre has enabled determination of the healthy status of each subject at the point of every collection across the length of the whole study. This approach allowed the identification of outlier results and then exclusion of individual samples from the overall cohort or from individual sample collections.
Further potential variation has been avoided by standardisation of the phlebotomy system. The collection tubes were provided by a single manufacturer and the phlebotomists have strictly followed procedures within a clearly defined protocol to limit pre-analytical phase variation. A standardised protocol was also utilised by all centres to process and manage the collected samples prior to storage. Variability attributable to storage conditions and future integrity of the samples has been addressed by bulk transfer of specimens at the end of the study from the participating centres to the co-ordinating lab with subsequent long-term frozen storage at -80 °C.
Analytical phase
Analysis of the biobank samples to deliver the BV data will constitute the next phase of the project. The biobank provides a resource to which contemporary methods can be applied. The current biological database spans in excess of 40 years and many of the existing data sets were derived utilising methods that are obsolete today. Generational changes in methods can deliver greater accuracy as a consequence of improved specificities and lower limits of detection. Such changes will impact on the BV data obtained.
Post-analytical phase
A weakness of currently available BV data is that they are often the product of poorly designed studies (e.g. insufficient number of samples, samples measured in singleton) [14] and inadequate or inappropriate statistical analysis [10] [11] [12] [13] . The study design (number of subjects, samples from each subject, and number of replicates) has a great impact on the reliability with which we can estimate the BV data and on the confidence intervals (CI) for the calculated CVs. There are a few published papers reporting BV data calculated from a large numbers of subjects [22] [23] [24] [25] [26] . Those studies involve a low number of collections from each subject (from four to six), often with measurements performed in singleton on the day of the collection.
The relative merits of alternate approaches to gathering BV data may be subject to future discussion. However, the approach that we have chosen for our study is that proposed by Fraser and Harris [17] , which enables delivery of well documented and characterised data with CI around the estimates of BV. Røraas et al. [14] have reported that the number of samples taken from individual subjects is crucial in order to reduce the width of CI around the calculated within-subject biological variation (CV I ). This is most important if the ratio between assay analytical standard deviation (SD A ) and within-subject standard deviation (SD I ) is lower than 1. Our study delivers a biobank containing 10 usable collections for the majority of 91 healthy subjects enroled in the BV project. This provides a resource for the generation of new BV data with opportunities to update the existing literature and BV data repositories, with BV data that are appropriately characterised that have confidence limits determined around the estimates. Such an approach will enable the production of high quality data that are transferable across different populations and laboratories.
Conclusions
The BV project designed by the EFLM WG-BV will deliver BV studies based on a high number of healthy subjects. The established biobank delivers a resource upon which to commence phase 2 of the project, which is the examination phase. The numbers of collections per subject means that the resultant data will be from studies of high statistical power delivering high quality estimates of variation with tight CI. The resource will enable generation of BV data using contemporary analytical techniques for a potentially large number of measurands as it contains 200 aliquots of material from each of 91 healthy subjects. This vast biobank, in which multiple sample types are available, provides the opportunity to determine biological variation for a wide range of target analytes including the older, common chemistry analytes as well. This updated data is critical for the derivation of analytical performance specifications for future and current practise and address the concerns raised in the EFLM 1st Strategic Conference around the quality of BV data.
